Background: Noises and artifacts may arise in several steps of the next-24 generation sequencing (NGS) process. Recently, a NGS library preparation 25 method called SMART, or Switching Mechanism At the 5' end of the RNA 26
6 seq sample (Additional file 1: Table S1 , Dataset 1, SRR3229031) that was 115 prepared using the Clontech DNA SMART ChIP-seq kit and by PE sequencing 116 [14] . As this particular dataset was obtained from sequencing of control samples 117 (i.e., input DNA), no genomic regions would be expected to show ChIP-seq read 118 enrichment. Indeed, at non-poly(T/A) sites, we did not find accumulations of 119 reads on either "+" or "-" strands ( Fig. 1d) . However, at poly(T/A) sites, we 120 observed that the Read2 of the PE reads were piled up either at the upstream of 121 the poly(T) sites (with respect to the reference "+" strand) ( Fig. 1e) or at the 122 downstream of the poly(A) sites ( Fig. 1f) , as reported [14] . If SE sequencing had 123 been performed, the accumulation of reads would still be observed, but the 124 precise location information provided by Read2 would not be available (Fig. 1e,f) , 125 Figure S1 ). We should point out that the second reads of the PE sequences 138 submitted to the SRA database have been cut by 10 bp from the 3' end by the 139 authors [14] , resulting in a 10 bp gap between the poly(T/A) sites and the end of 140 the Read2 (Additional file 2: Figure S1 ). 141 142 We counted the numbers of ChIP-seq Read2 that mapped to the 9,698,838 143 poly(A) and 9,796,521 poly(T) sequences containing a minimal of five 144 consecutive As or Ts, respectively, in the human genome (hg38). Like a previous 145 study [14] , we found that the median counts for the regions with 5 to 11 146 consecutive A or T were 1, while the median for regions with 12 As or Ts was 147 doubled, indicating that the false priming event occurs primarily at sites with 12 or 148 more consecutive poly(T/A) bases (Additional file 2: Figure S2a ; Wilcoxon test, p-149 value < 2.2e-16). Nevertheless, there were large variations at the poly(T/A) sites 150 of the same length, a common phenomenon due to the randomness in primer 151 annealing and sequencing (Additional file 2: Figure S2a ). To consider 152 mismatching during priming, we focused on short poly(T/A) sites (≤8bp) that by 153 themselves cannot be efficiently used for false priming but jointly may be. We 154 found that read numbers mapped to two such sequences disrupted by one 155 mismatch nucleotide were significantly reduced, compared to those without 156 disruption, indicating reduced efficiency of false priming (Additional file 2: Based on the above information of the false priming event in SMART ChIP-seq 165 studies ( Fig. 1 , Additional file 2: Figure S2 ), we developed a computational tool, 166
SMARTcleaner, to remove the ChIP-seq artifact signals. It has two modes (PE 167 mode and SE mode) to accommodate the two sequencing options during ChIP-168 seq. In PE mode, a genome (FASTA) sequence file and ChIP-seq read 169 alignment files (in bam format) are taken as input, and "cleaned" bam files are 170 generated with the reads predicted from false priming removed and saved in the 171 "noise" bam files. In SE mode, it takes a list of consecutive and interrupted 172 poly(T/A) genomic sites (Additional file 2: Figure S2 ), and bam files, and outputs 173 cleaned bam files and noise bam files. The software is publicly available through 174 github (https://github.com/dzhaobio/SMARTcleaner). 175
176
In PE mode, our tool removes ChIP-seq read pairs whose second reads mapped 177 to poly(T/A) (see Methods). Analysis of pileup reads at individual poly(A/T) sites 178 ( Fig. 2a,b ) and total read counts across all poly(A/T) sites ( Fig. 2c,d ) 179 demonstrated clearly that reads from false priming in the SRR3229031 dataset 180 were effectively identified and successfully removed by SMARTcleaner. 181
Furthermore, applying the SMARTcleaner to ChIP-seq data from libraries 182 constructed using a ligation method [14] , we found that < 0.002% of PE reads 183 were mistakenly removed, indicating that the PE mode is highly accurate. By 184 comparison, artifact reads in the SMART-based data could be successfully 185 removed, while their percentages (11-20%) varied among the different DNA 186 shearing methods used for fragmentation ( Fig. 2e) . In addition, for the SMART-187 based data, the ChIP-seq fragment sizes calculated from the noise bam files 188 were 21-43 bp shorter on average than those in the clean bam files, as expected, 189 since the genomic poly(T/A) sequences were within ChIP fragments while tailed 190
Ts were added to the ends of ChIP fragments. This observation is consistent with 191 previous finding [14] . 192 193 In SE mode, the SMARTcleaner identifies and removes artifact reads by 194 comparing read distributions in the "+" and "-" strands near individual poly(T/A) 195 sites, because false priming leads to reads accumulated in only one of the two 196 strands ( Fig. 1) . To demonstrate its performance, we treated the above PE 197
ChIP-seq reads as SE reads, by analyzing the Read1 data only. Again, analysis 198 of pileup reads at individual poly(T/A) sites ( Fig. 3a,b ) and read counts 199 aggregated over genome wide poly(T/A) sites ( Fig. 3c,d ) demonstrated that most 200 artifact reads were removed effectively. However, the SE mode appeared less 201 robust than the PE mode, because it mistakenly removed ~0.8% of reads in the 202 ligation-based ChIP-seq data (Fig. 3e) . The percentages of reads that were 203 removed by the SE mode for the SMART-based datasets were similar to those 204 using the PE mode ( Fig. 3e) . 205
206
In terms of computational efficiency, we tested both PE and SE modes on a PC 207 (Intel(R) Xeon(R) CPU E5-2609 0 @ 2.40GHz, 32Gb memory, CentOS Linux 208 release 7.3.1611). It took 30 min to clean 94 million reads in PE mode and 16 209 min to clean 47 million reads in SE mode, benchmarking with the SRR3229031 210 dataset. The PE mode requires more memory than the SE mode because the 211 former reads the entire genome sequence into memory (for fast query) and 212 keeps track of the end coordinates of Read2 at the genomic poly(T/A) sites. 213 214
Evaluation of SMARTcleaner with published histone modification ChIP-seq 215 datasets 216
To demonstrate the value of our tool and importance of removing artifact reads 217 from false priming in the analysis of SMART ChIP-seq data, we first applied the 218 SMARTcleaner to a public ChIP-seq dataset (Additional file 1: Table S1 , Dataset 219 2) that studied H3K4me3 histone modification in HeLa cells using seven methods 220 for preparing sequencing libraries from low-input IP DNAs, including SMART 221 method [13] . The study also generated a PCR-free dataset as a gold standard 222 reference, including three replicates using 100 ng DNA as starting material. For 223 the other seven protocols, the starting material was either 1 ng or 0.1 ng, each 224 with five replicates [13] . The original study was designed for comparing the 225 performance of different ChIP-seq library preparation methods, but this dataset is 226 ideal for evaluating our tool for three reasons. First, its gold standard data can be 227 used for clearly evaluating artifacts introduced in PCR amplification. Second, the 228 dataset is valuable for evaluating the effect of initial DNA inputs on false priming 229 and amplification. Third, the known enrichment of H3K4me3 peaks at promoter 230 regions [22] can be used as a metric to measure the impact of falsely called 231 peaks. 232
233
In our test below, as a benchmark we chose the data from PCR-free method and 234
Ascel2S method, which were consistently ranked at the top by multiple criteria in 235 the original study [13] . Since the ChIP-seq libraries were sequenced by the 236 single-end method, we applied SE mode to the alignment files, including control 237 samples. Similar to the above finding in Fig. 3e , only a small percentage of ChIP-238 seq reads were removed by SMARTcleaner from the ligation-based datasets, 0.3% 239 on average. For SMART-derived dataset, the average percentage was 3.0% for 240 1 ng and 5.3% for 0.1 ng starting DNA material (Additional file 2: Figure S3a ). 241
Next, we randomly sampled 6 millions of reads for each sample for calling 242
H3K4me3 peaks using the software MACS2 [23], by the same criteria. We found 243 that before read cleaning 12.1% and 17.1% of the H3K4me3 peaks, called from 244 the 1 ng and 0.1 ng SMART protocols respectively, overlapped with poly(T/A) 245 sites, but after cleaning the overlaps dropped to 6.2% and 8.1%, comparable to 246 the numbers for PCR-free and Ascel2S samples (Additional file 2: Figure S3b ). 247
This result indicates that not all peaks in poly(T/A) sites are artifacts. The greater 248 percentages of removed reads and peak overlaps with poly(T/A) sites for the 0.1 249 ng than the 1 ng dataset are consistent with the assumption of increased false 250 priming when the input DNA material is lower, due to a reduced number of 251 genuine target DNA templates. In addition, the percentages of H3K4me3 peaks 252 mapping to promoters increased by 3.7% (1 ng) and 4.1% (0.1 ng) after cleaning 253 reads in the SMART derived datasets, while the change (0.14%) is negligible for 254 the PCR free and Ascel2S samples (Additional file 2: Figure S3c ). 255
256
We also compared the SMART ChIP-seq peaks to the H3K4me3 peaks from 257 PCR-free samples, using the peaks (n= 20,262) present in all three PCR-free 258 datasets as the reference. The mean sensitivity (i.e., % PCR-free peaks detected 259 in SMART) was 89.68% and 89.61% in pre-and post-cleaning samples (1ng 260 DNA), indicating no difference in sensitivity. Same was observed for the samples 261 using 0.1ng starting DNA material (Additional file 2: Figure S3d ). However, the 262 specificity (% SMART peaks found in PCR-free peaks) was increased from 89.25% 263 to 90.42% for samples with 1ng DNA and from 87.11% to 89.85% for samples 264 with 0.1ng DNA after cleaning the noise (Additional file 2: Figure S3e ), indicating 265 that the cleaning process improved the peak quality. 266 267 Next, we directly compared the pre-and post-cleaning H3K4me3 peak lists. The 268 total number of peaks dropped for both SMART samples after cleaning ( Fig. 4a) , 269 but the change for 0.1 ng SMART sample was significant larger than that for 1 ng 270 one ( Fig. 4b) , clearly suggesting that with lower amounts of input DNA, more 271 false peaks would be called from the artifact reads ( Fig. 4c) . In support of this, 272
we observed that the 0.1 ng pre-cleaning SMART samples had the largest 273 percentages (on average 64.3%) of peaks located near the poly(T/A) sites ( overlapped, significantly smaller than the percentages for peaks either shared 277 with or unique to post-cleaned data (Fig. 4e) . Similarly, the percentages of 278
H3K4me3 peaks (44.4% and 39.8%) located to promoters for the peaks unique 279 to pre-cleaning samples were significantly lower than the numbers for the other 280 two groups of peaks ( Fig. 4f) . As an orthogonal measurement, we analyzed 281 transcription factor (TF) motifs in the H3K4me3 peak regions. The TATA box and 282 CAAT box, two well-known general promoter TF motifs [24] , and the ETS motif 283
[25], were the most enriched motifs in the H3K4me3 peaks. In all cases, their 284 occurrences in the peaks detected only in the pre-cleaning samples were 285 significantly lower ( Fig. 4g-i) . In contrast, the RLR1 motif, which basically 286 consists of poly(T), was only enriched in the peaks unique to the pre-cleaning 287 samples ( Fig. 4j) . Finally, we examined the ChIP-seq read densities and 288 aggregated read profiles for the three groups of H3K4me3 peaks, unique to pre-289 or post-cleaning samples, or shared (Fig. 4k) . The peaks unique to the post-290 cleaning samples had about 2x stronger (both 1 ng and 0.1 ng samples) ChIP-291 seq signals in the PCR-free and Ascel2S data than the peaks unique to the pre-292 cleaning samples, indicating that the latter peaks were very likely derived from 293 PCR amplification and thus enriched for artifacts ( Fig. 4k) . Taken together, these 294 results indicate that the reads removed by SMARTcleaner are true artifacts and 295 its application can improve the quality of peaks identified from ChIP-seq analysis, 296 resulting in better biological findings. 297
298 Evaluation of SMARTcleaner with published transcription factor ChIP-seq 299 datasets 300
We were especially interested in how the inclusion of artifact reads may affect 301 peaks identified from TF ChIP-seq studies. Therefore, we reanalyzed a 302 previously published Olig2 ChIP-seq dataset (Additional file 1: Table S1 , Dataset 303
3) and compared our results to the original publication [18] . We found that 16% of 304 the original peaks (3,251 of 20,283) overlapped with the poly(T/A) sites, with 305 some peaks exhibiting typical features of false amplification (Fig. 5a) . We also 306 noticed that the authors applied a combination of very stringent criteria to filter 307 peaks, perhaps in an effort to limit peaks from false priming. Thus, we tried less 308 stringent criteria to obtain a new set of peaks (n=25,179) from the pre-cleaning 309 alignment files and included it in our comparison (see Methods). Next, we used 310 the SMARTcleaner SE mode to clean the alignment files and obtained a list of 311 post-cleaning peaks (n=23,289). A comparison of the three lists of peaks is 312 shown in Fig. 5b , from which we defined four groups of peaks (Additional file 2: 313 Figure S4 ): "TP", or true positive, called by all methods; "FP", or false positive, 314 called by the original study and present in the pre-cleaning sample only; "FN", or 315 false negative, removed by the original study only; and "TN", or true negative, 316 removed in the original study and by SMARTcleaner. Intersections of the four 317 groups of peaks with poly(T/A) sites showed that 92.9% of TN peaks and 94.3% 318 of FP peaks overlapped with poly(T/A) sites, compared to 12.7% of TP peaks 319 and 5.3% of FN peaks (Fig. 5c) , indicating that the original study not only 320 included some artifact peaks but also filtered out some true peaks. This was 321 supported by a comparative analysis of the ChIP-seq read intensities, with reads 322 from false priming present in both the ChIP sample and input control (FP and TN 323 in Fig. 5d,e ). This analysis also showed that the FN group represented true 324 peaks filtered out by the authors by using overly strict criteria (Fig. 5d,e) . 325
326
To further test the cleaning effect, we included a Olig2 ChIP-seq dataset that was 327 independently generated from neural stem cells using a non-SMART protocol 328 [26] . We found that 86.2% and 91.8% of the pre-cleaning and post-cleaning 329 peaks were detected by the non-SMART method, respectively. Moreover, among 330 the four groups of peaks, 93.8% and 83% of TP and FN peaks were present in 331 the non-SMART peaks, respectively, in contrast to 8.7% and 6.2% for the TN and 332 FP groups, respectively, indicating that false peaks were removed by our clearing 333 process. This result was supported by the patterns in the read density heatmaps 334 and profiles (Fig. 5d,e) . 335
336
In addition, motif analysis demonstrated that the top four motifs enriched in the 337 TP and FN peaks were the same TF motifs (Atoch1, NF1, Tcf12 and Olig2) 338 reported in the original study [18] . However, the top motifs for the TN and FP 339 groups were RLR1, TA repeat, GAGA repeat, CTCF and Myf5, which seem 340 irrelevant to Olig2 function (Fig. 5f) . To determine if false priming and amplification is a common problem in based ChIP-seq libraries, we collected and analyzed all such datasets except a 351 clinical one that is not publicly accessible [15] (Additional file 1: Table S1 ; see 352
Methods). These ChIP-seq data were carried out in human [13] [14] [15] [16] , mouse [17, 353 18] , and yeast samples [19] . All but two of the datasets were analyzed by single-354 end sequencing [14, 15] . Our analysis showed that all available datasets 355 contained an average of 8.5% (2.7% ~19.6%) reads that were likely derived from 356 false priming, regardless of the amount of input DNA (from 0.1 ng to 10 ng DNA) 357 or cell numbers (from 10 to 100 millions) (Additional file 1: Table S1 ). 358
359

Discussion
360
The SMART ChIP-seq kit uses the template switching method to improve the 361 efficiency of library construction, which is especially suitable for analyzing 362 samples with very low amounts of input DNA [7] . Consistent with a recent report 363
[14], we show that the protocol, however, can introduce significant noise to ChIP-364 seq data, due to the annealing of DNA SMART poly(dA) primers to non-targeted 365 genomic regions containing ≥ 12 Ts or As. The artifact reads have distinct 366 features (Fig. 1 , Additional file 2: Figure S2 ) that are exploited by the SMARTcleaner tool developed in this study. Using multiple published ChIP-seq 368 datasets, we demonstrated convincingly that our tool can successfully remove 369 the artifact reads arising from false priming and amplification of the SMART 370 poly(dA) primers. It works for both PE and SE ChIP-seq reads (Fig. 2, Fig. 3) , 371 and outputs both cleaned alignment files and noise, which can be loaded into a 372 genome browser for inspecting the cleaning effects visually. SMARTcleaner also 373 provides some running options and helper tools to prepare the files required for 374 the cleaning process. Currently SMARTcleaner does not deal with biases 375 introduced by other factors, such as DNA shearing method etc.
[5], but users can 376 easily adapt this tool to their ChIP-seq analytic pipelines and develop it further. 377
378
We have examined all currently available public datasets that were obtained 379 using the DNA SMART ChIP-seq kit, and found that the false priming issue is 380 prevalent, regardless of the amount of input DNA material or cell numbers 381 (Additional file 1: Table S1 ). While the artifact cannot be easily removed by data 382 normalization, strict filtering in peak calling, or a simple exclusion of peaks 383 located at poly(A/T) sites, our study suggests that the false priming issue 384 becomes less severe when a large amount of DNA is used as the starting 385 material for ChIP library preparation. Conceivably, the concern can also be 386 alleviated if high affinity antibodies are used to significantly enrich target DNA 387 templates in the input material. Based on our survey of all available datasets, we 388 have the following recommendations to users of the SMART ChIP-seq kit to 389 exploit its full potential. First, one should use a sufficient amount of DNA as the starting templates, whenever possible. Second, the T-tailing step in the SMART 391
ChIP-seq protocol should be optimized. Third, sequence the NGS libraries using 392 the PE method and clean the ChIP-seq reads using the PE mode of 393 SMARTcleaner. Forth, if the libraries have already been sequenced using the SE 394 method, clean the ChIP-seq reads using the SE mode of SMARTcleaner. 395
Alternatively, one can consider to use other ChIP-seq library preparation 396 methods that can also handle low-input DNA [13, 20, 21] . 397 398
Conclusions
399
False priming and amplification occur at poly(T/A) genomic sites due to the use 400 of poly(dA) primers in SMART-based ChIP-seq library construction. Reads from 401 subsequent false amplification and sequencing are strand-specific and can be 402 effectively removed by our SMARTcleaner tool, leading to improvement in peak 403 calling, and downstream data analysis and interpretation. 404 405
Methods
406
ChIP-seq datasets and read processing 407
The SMART ChIP-seq kit is a promising but relatively new protocol for analyzing 408 small amount of chromatin materials. We searched for ChIP-seq datasets that 409 used this kit in the GEO and by Google and found one publication in 2015 [18], 410 two in 2016 [13, 19] , and four in 2017 [14] [15] [16] [17] . Among the seven publications, six 411 have made their data publicly accessible (Additional file 1: Table S1 ). The seventh is a clinical study and the corresponding data have not been released, 413 possibly due to protection of privacy [15] . In the alignment of ChIP-seq reads 414 derived from the SMART protocols, the first three bases were trimmed from the 415 first read (Read1). In all datasets, replicates were analyzed independently. To 416 facilitate comparison with the original studies, we used the same versions of 417 software as in the original publication when applicable. 418
Dataset 1 419
The first dataset is actually a ChIP-seq of input DNAs from HCT116 cells and 420
HeLa-S3 because the DNA templates were not enriched with any antibodies. It 421 contained seven sets of paired-end sequencing data, which we downloaded from 422 the NCBI SRA database (SRP071830) [14] . Three libraries were constructed 423 using the DNA SMART ChIP-Seq kit (Clontech, #634865), with the others by 424 "standard" ligation-based method. Reads were mapped to the human genome 425 (hg38) using Bowtie2 (v2.2.3) [27] , using default parameters with the maximum 426 fragment length for valid paired-end reads set to 2000. Only uniquely mapped 427 reads were kept for further analyses, after duplicate reads were removed using 428 amplification. Two modes, PE mode and SE mode, were implemented based on 479 the sequencing methods used in ChIP-seq data. 480
PE mode 481
When sequenced in PE method, the second reads of the falsely primed 482 fragments will pile up upstream of the poly(T) sites or the downstream of the 483 poly(A) sites (Figure 1e,f) , allowing two mismatch insertions (Additional file 2: 484 Figure S2 ). SMARTcleaner will go through a sorted (by coordinates) alignment 485 file and find read pairs with the second read at the left end of poly(T) sites or at 486 the right end of poly(A) sites (Additional file 2: Figure S5 ). It will keep tracking the 487 calculated from the right ends of reads to the left ends of poly(T) sites (Additional 502 file 2: Figure S6a ) or the right ends of poly(A) sites (Additional file 2: Figure S6b) . 503
Based on the distribution of the distances, SMARTcleaner automatically 504 determines the window size at poly(T/A) sites for sampling, or a user can 505 manually set it according to the read distribution at the poly(T/A) sites (Fig. 1h,i) . 506 A bed file containing the resampling regions will be generated. Next, it will go 507 through the reads at each of those regions, check if the potentially artifact reads 508 outnumber (default 2x) those in the unaffected opposite strand, and finally 509 resample the artifact reads, if necessary, according to the read numbers in the 510 opposite strand (Additional file 2: Figure S7a,b) . For the genomic regions with 511 overlapping poly(T) and poly(A) sites, the tool will process the poly(T/A) sites 512 based on the order of their appearance in the reference genome (Additional file 2: 513 Figure S7c ). 514 515 For SE mode, a list of poly(T/A) sites is needed. We included a helper command 516 to identify such regions in a genome. To estimate the range for resampling reads, 517 we implemented another helper command in our tool for this purpose. Users can 518 also directly set a range for resampling based on their knowledge of their 519 datasets or the fragment distribution around the poly(T/A) sites. overlaps from three methods: the original peaks from the authors, the peaks 720 called before cleaning, and the peaks called after cleaning. When counting the 721 overlapping peaks, we could get two different numbers depending on which set 722 of peaks is used to report the number (one peak in one set may overlap more 723 than one peak in another set). We reported the smaller number here. c. Peaks 724 overlapping with poly(T/A) sites. d,e. Read densities and average counts at the 725 four selected groups of peaks, computed by sampling 5 million reads. An Olig2 726
ChIP-seq data (right) from non-SMART method was also analyzed. f. 
